Hypoglycemia-associated autonomic failure (HAAF) is a condition in which patients with type 1 diabetes (T1D) who experience frequent hypoglycemia develop defective glucose counter-regulation and become unable to sense hypoglycemia. Brain glutamate may be involved in the mechanism of HAAF. The goal of this study was to follow the human brain glutamate concentration during experimentally induced hypoglycemia in subjects with and without HAAF. 1 H magnetic resonance spectroscopy was used to track the occipital cortex glutamate concentration throughout a euglycemic clamp followed immediately by a hypoglycemic clamp. T1D patients with HAAF were studied in comparison to two control groups, i.e., T1D patients without HAAF and healthy controls (n ¼ 5 per group). Human brain glutamate concentration decreased (Pp0.01) after the initiation of hypoglycemia in the two control groups, but a smaller trend toward a decrease in patients with HAAF did not reach significance (P40.05). These findings are consistent with a metabolic adaptation in HAAF to provide higher glucose and/or alternative fuel to the brain, eliminating the need to oxidize glutamate. In an exploratory analysis, we detected additional metabolite changes in response to hypoglycemia in the T1D patient without HAAF control group, namely, increased aspartate and decreased lactate.
INTRODUCTION
Patients with type 1 and late stage type 2 diabetes who experience frequent episodes of hypoglycemia as a result of iatrogenic insulin excess are at a risk for developing compromised physiological and behavioral defenses against hypoglycemia. When blood glucose in healthy individuals falls below physiological levels, a coordinated hormonal response is generated that supports the restoration of normoglycemia through the sequential secretion of counter-regulatory hormones including glucagon, epinephrine, cortisol and growth hormone. This counter-regulatory hormonal response to hypoglycemia is impaired in patients who experience recurrent hypoglycemic episodes. As a result, they develop hypoglycemia-associated autonomic failure (HAAF) that is characterized by both a reduction in the glycemic threshold necessary to elicit the counter-regulatory response and a reduction in the magnitude of that response. HAAF is a clinical syndrome in which the first symptom of low blood sugar is confusion or loss of consciousness. Fear of experiencing too many hypoglycemic events over a short period of time and thus developing HAAF is a serious problem in the management of type 1 and advanced type 2 diabetes as it limits the ability of patients to achieve the level of normoglycemia known to reduce the risk of microvascular complications of diabetes. 1 As a result, iatrogenic hypoglycemia remains the limiting factor in the glycemic management of diabetes. 2 Although the mechanisms of HAAF have not been fully elucidated, a picture is emerging in which a series of cerebral adaptations, including altered fuel transport and/or metabolism, lead to defective glucose counter-regulation and impaired hypoglycemia awareness. 3 The cerebral response to hypoglycemia in the healthy brain involves changes in regional blood flow 4, 5 and sequential adjustments in cerebral metabolism in order to provide sufficient fuel for brain activity. As the levels of glucose, the principal cerebral energy substrate, drop from 5 to B3 mmol/L in plasma, cerebral metabolic rate of glucose (CMRglc) and cerebral metabolic rate of oxygen (CMRO 2 ) are preserved [6] [7] [8] despite lower brain glucose uptake. 9 The brain starts using alternative fuels such as glycogen in this glycemic range. 10 At lower glycemic levels, below a threshold of 2.5 to 3 mmol/L plasma glucose, a sharp increase in cerebral blood flow (CBF) 11, 12 is accompanied by compensatory reductions in CMRglc. 6, 7, 13, 14 At such severe hypoglycemia, CMRO 2 has been reported either unchanged 15 or decreased to a lesser extent than CMRglc, 7 indicating oxidation of non-glucose fuels. It is clear that in this glycemic range the brain relies heavily on alternative fuels such as glycogen, 16 lactate (Lac), and amino acids like glutamate (Glu). 15, 17, 18 Studies in rats demonstrated that during the transition to an isoelectric electroencephalogram (EEG) in the setting of hypoglycemic coma reductions in Glu, glutamine (Gln) and Lac levels are accompanied by an increase in aspartate (Asp) before a precipitous drop in the phosphocreatine-to-creatine (PCr/Cr) ratio indicative of energy failure. [18] [19] [20] [21] Whether similar changes also occur in the human brain is unknown.
One magnetic resonance spectroscopy (MRS) study in humans reported lower Glu-to-total creatine (Glu/tCr) ratios in the occipital cortex (OCC) at moderate hypoglycemia (3 mmol/L) relative to euglycemia, indicating that a modest reduction in Glu may occur in the healthy human even in the absence of severe hypoglycemia. 22 Interestingly, a similar change in Glu/tCr was not observed in patients with type 1 diabetes (T1D) and blunted glucose counter-regulation. The authors considered the Glu levels as reflective of tricarboxylic acid (TCA) cycle activity and interpreted the lower Glu/tCr finding as a reduction of TCA cycle activity in the healthy brain. They reasoned that normal energy metabolism was maintained in T1D, thereby contributing to the development of HAAF. However, it was not clear whether the observed difference in the Glu/tCr response to hypoglycemia between patients with T1D and controls was due to HAAF or diabetes alone.
The primary goals of the current investigation were to determine whether (1) Glu reduction similar to that suggested by Bischof et al 22 occurs in response to moderate hypoglycemia in the healthy human brain; and (2) this response is different in patients with T1D with HAAF compared with those without HAAF and those without T1D. To accomplish this, human brain Glu concentration was followed throughout a hyperinsulinemic euglycemic-hypoglycemic clamp in subjects with T1D and matched controls. On the basis of the prior MRS study, 22 we hypothesized that Glu levels in the OCC would decrease in response to moderate hypoglycemia in healthy controls and in T1DM without HAAF, but not in T1DM with HAAF. This study took advantage of a highly optimized protocol for detecting changes in neurochemical concentrations that permitted direct observation of the time course of the neurochemical response to hypoglycemia with high sensitivity. We focused on the OCC because of our desire to replicate and extend the findings of Bischof et al who also studied this brain region, and because we have previously found that steady state brain glucose concentrations in this region differ between controls and participants with well-controlled T1D and frequent hypoglycemia; 23 an observation that suggests altered glucose transport or metabolism in this region. This approach encompassed the reliable quantification of a neurochemical profile of several metabolites including Lac, Asp, and Gln, which have been observed to change upon severe hypoglycemia in the rat brain. [18] [19] [20] [21] Hence, the changes in the levels of these additional neurochemicals were investigated in an exploratory fashion.
MATERIALS AND METHODS

Subject Characteristics
Twenty subjects (39±12 years (mean±s.d.), body mass index (BMI) 25±5 kg/m 2 , 7 males) were enrolled in this study. Fourteen had a clinical diagnosis of well-controlled T1D and six were healthy controls. Eight subjects with T1D and hypoglycemia unawareness (i.e., inability to sense hypoglycemia) and six without unawareness were recruited on the basis of their response to the Cox questionnaire 24 at the time of recruitment (X4 weeks before the clamp study) with a score X4 indicating unawareness. The presence of HAAF was determined by measuring blood epinephrine concentrations (Epi blood ) during hypoglycemia in all subjects. Exclusion criteria included history of stroke, seizures, neurosurgical procedures, arrhythmias, and usage of glucose metabolism-altering drugs (other than insulin). Three subjects (one in each study group) moved too much during the study to allow collection of reliable MRS data so they were not included. In two additional subjects (both with T1D and Cox score X4) no satisfactory vascular access could be achieved so these studies were abandoned. Experiments were approved by and studied in accordance with the ethical standards of the University of Minnesota's institutional review board.
Euglycemic/Hypoglycemic Clamp
Subjects arrived at the Center for Magnetic Resonance Research (CMRR) in the morning of the day of the study after an overnight fast. Upon arrival, an intravenous catheter was placed antegrade in a forearm for subsequent intravenous infusions. Intravenous catheters were placed retrograde in one or both lower legs (as tolerated) for blood sampling. The leg used for blood sampling was wrapped in heated towels and hot packs to arterialize the venous blood. 25 Subjects underwent a two-step hyperinsulinemic clamp in which insulin at a rate of 2.0 mU/kg per minute and potassium phosphate at a rate of 4 mEq/hour were infused. Figure 1 illustrates the study protocol. Blood glucose was initially maintained at 90 mg/dL by intravenous infusion of 20% dextrose while the baseline MRS data were collected. After collection of data in the euglycemic condition, blood glucose was allowed to drop to 50 mg/dL by the discontinuation of the dextrose infusion and then maintained at the hypoglycemic plateau by a variable dextrose infusion for approximately 30 minutes. MRS data were acquired in two 5minute blocks while glucose was maintained at 90 mg/dL and then continuously in 5-minute blocks as blood glucose was dropped and clamped at 50 mg/dL. Blood was sampled using a retrograde lower leg intravenous catheter to follow glucose concentration and for assessing counter-regulatory hormones. Blood glucose was sampled every 5 minutes. Blood samples for counter-regulatory hormones were collected at baseline and every 10 minutes during hypoglycemia. After completion of MRS data acquisition during the hypoglycemic clamp, symptoms of hypoglycemia were quantified by using a previously validated questionnaire. 26 Subjects were asked to score from 0 (none) to 6 (severe) for each of 12 symptoms: 6 autonomic symptoms (heart pounding, shaky or tremulous, nervous or anxious, sweaty, hungry, and tingling) and 6 neuroglycopenic symptoms (difficulty thinking, tired or drowsy, weak, warm, faint, and dizzy).
Laboratory Analyses
Plasma glucose concentration was measured in duplicates during the scanning session using an Analox machine (Analox Instruments, Lunenburg, MA, USA). Blood samples obtained for measurement of counter- Figure 1 . Study protocol and blood glucose concentrations (mean ± s.d.) throughout the euglycemia/hypoglycemia clamp per study group, i.e., T1D with HAAF (T1D w| HAAF), T1D without HAAF (T1D w|o HAAF), and healthy control. The upper and lower dashed horizontal lines delineate the respective euglycemic and hypoglycemic blood glucose clamp target concentrations. Dextrose was discontinued at time ¼ 0.
Changes in human brain glutamate during hypoglycemia M Terpstra et al regulatory hormones were sent to Vanderbilt Diabetes Research and Training Center core laboratory for analysis. Plasma epinephrine was measured by high-performance liquid chromatography (Dionex, Sunnyvale, CA, USA; formerly ESA). Radioimmunoassay was used to measure cortisol (Diagnostic Products Corporation, Los Angeles, CA, USA) as well as plasma glucagon (Millipore, Billerica, MA, USA, division of Merck, Whitehouse Station, NJ, USA). The maximum hormone levels measured at baseline and during hypoglycemia were computed and used to represent the euglycemic and hypoglycemic hormone levels in each subject. These peak hormonal values were used in stratifying patients and determining group averages.
Magnetic Resonance Protocol
Neurochemical concentrations were measured using a highly optimized MRS protocol. Spectra were measured at the ultra-high-field strength of 7 T (90-cm horizontal bore Magnex Scientific, Abingdon, UK magnet and Siemens, Erlangen, Germany console) as described before. 27 Use of a surface coil (i.e., an elliptical quadrature half-volume transceiver), which is ideally suited to study the OCC, further insured optimization of sensitivity. Measurements were made without removing the subject from the scanner to reduce the variance that can occur via removal and replacement. Images acquired with a 1.7 Â 1.3 Â 2.0 mm 3 resolution pre-inverted turbofast low-angle shot, magnetization prepared rapid acquisition gradient echo (Turboflash, MPRAGE) sequence (repetition time TR ¼ 1.9 seconds, inversion time TI ¼ 0.9 second, echo time TE ¼ 3.1 milliseconds, 112 partition-encode steps, 192 phase-encode steps, 256 data points in the read direction, nominal flip angle ¼ 71, total acquisition time ¼ 2 minutes 44 seconds) were used for selection of the 22 Â 22 Â 22 mm 3 volume of interest (VOI) in the OCC. Spectra were measured using stimulated echo acquisition mode spectroscopy (TE ¼ 8 milliseconds, TR ¼ 5 seconds, mixing time TM ¼ 32 milliseconds, number of excitations NEX ¼ 64, and variable power radiofrequency (RF) pulses with optimized relaxation delays water suppression and outer volume saturation). Symmetric sinc RF pulses (1.5 milliseconds, 5.9 kHz bandwidth) were used for stimulated echo acquisition mode localization and required a peak excitation power (B 1 ) of 34 mT, which was easily achieved via utilization of a surface coil. 27 First-and second-order shims were adjusted using fast automatic shimming by mapping along projections (FASTMAP) 28 with echo-planar imaging readout. Unsuppressed water spectra acquired from the same VOI were used to remove residual eddy current effects and as an internal quantification reference. Single-shot data were saved during acquisition to facilitate frequency and phase correction of each free induction decay (FID) before summation. For display, spectra were zero filled to 125k points and line broadened (Gaussian factor 0.15). Scout images (two-dimensional fast low-angle shot (FLASH) in three orthogonal orientations, 1.1 Â 1.0 Â 7.0 mm 3 resolution, TR ¼ 8.6 milliseconds, TE ¼ 4 milliseconds, 230 phaseencode steps, 256 data points in the read direction, nominal flip angle ¼ 201, total acquisition time ¼ 12 seconds) measured at the beginning and end of the protocol were used to assure that translation of the participant's head remained within 3 mm in all directions.
Magnetic Resonance Spectral Analysis
Quantification of the brain chemical concentrations was optimized by using water as an internal reference, thus eliminating the potential for confounding by changes in brain tCr concentration that can occur when tCr signal is used as an internal reference. Neurochemicals were quantified using LCModel 29 with the following basis set and key control parameters: The spectra of alanine(Ala), Asp, ascorbate/vitamin C (Asc), glycerophosphocholine (GPC), phosphocholine (PC), Cr, PCr, g-aminobutyric acid (GABA), glucose (Glc), Gln, Glu, glutathione (GSH), myo-inositol (myo-Ins), Lac, N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), scylloinositol (scyllo-Ins), and taurine (Tau) were generated on the basis of previously reported chemical shifts and coupling constants. 30 Macromolecule spectra were acquired from the OCC of five healthy volunteers using an inversion recovery sequence (TR ¼ 2 seconds, TI ¼ 0.680 second). 27 The LCModel parameter to control the flatness of the spline baseline (DKNTMN) was set to 0.25, and fitting was performed over 0.5 to 4.2 p.p.m. All study spectra were analyzed in a single batch with no user input. Neurochemicals quantified with Cramé r-Rao lower bounds (CRLB, estimated error of the neurochemical quantification) 450% were classified as not detected, as recommended by the LCModel manual. 31 If the correlation between two neurochemicals was consistently high (correlation coefficient ro À 0.5), their sum was used for analysis, i.e., NAA þ NAAG (tNAA, total NAA), Cr þ PCr (tCr), GPC þ PC (tCho, total choline). Owing to the increased spectral complexity of the glucose resonances at ultra-high field, Glc was not detected reliably. Because of possible confounding via strong spectral similarity with Glc, Tau data are not reported.
Neurochemical concentrations were computed by comparing each metabolite resonance signal with that of water as previously described. 27 Concentrations were not corrected for longitudinal and transverse relaxation (T 1 and T 2 ) effects because long TR and ultra-short TE values were used. As contributions of cerebrospinal fluid to the VOI as well as head motion relative to the VOI size were small, and because each person served as their own control in calculation of the metabolite response to hypoglycemia, neurochemical concentrations were not corrected for cerebrospinal fluid content. GABA findings in the healthy volunteer group in this study were reported previously. 32 
Analytical Procedures
To address the association of the neurochemical response to hypoglycemia with HAAF, the patients were stratified on the basis of their counterregulatory hormonal response to hypoglycemia into two groups: those with a severely blunted counter-regulatory response (peak epinephrine during hypoglycemia o100 pg/mL, denoted as T1D w| HAAF) and those with normal-to-modestly blunted counter-regulatory response (peak epinephrine during hypoglycemia 4100 pg/mL, denoted as T1D w|o HAAF). The method to calculate the change in brain neurochemical concentrations from baseline (euglycemia) to those during hypoglycemia was designed to control for individual differences in the rate at which the target hypoglycemic blood glucose concentration (i.e., 50 mg/dL) was achieved. As such, neurochemical concentrations were averaged within person across the two measures obtained during euglycemia and across the first three measures obtained during hypoglycemia (after blood glucose first dropped to p50 mg/dL). Baseline and hypoglycemic blood glucose concentrations were calculated from samples collected concurrent with respective spectra, i.e., during stable euglycemia and hypoglycemia.
Statistical Analysis
Glu was identified before acquisition of data in subjects with T1D as the primary neurochemical of interest, whereas the remaining neurochemicals were assigned secondary importance. Analysis of variance (ANOVA) was used to analyze whether there was a drop in average Glu concentrations from euglycemia to hypoglycemia in each experimental group and whether such drops were different among experimental groups using F-tests of the corresponding contrasts. These analyses were repeated using analysis of covariance (ANCOVA) to adjust the within-and among-group comparisons for average blood glucose achieved during hypoglycemia. ANOVA and ANCOVA results were similar, therefore only those calculated using ANOVA are reported. Because of small sample sizes all tests were repeated with a nonparametric approach; results were similar and are not reported here. A two-sided Po0.05 for the Glu test was considered statistically significant. As spectral analysis readily produced the concentrations of several neurochemicals in addition to Glu, these data were tested similarly for euglycemic versus hypoglycemic changes and group differences in those changes. These analyses were considered exploratory. Counter-regulatory hormones during euglycemia versus hypoglycemia were compared with paired two-sided t-tests within experimental group. The concentrations of the counter-regulatory hormones and hypoglycemia symptom scores were compared among patient groups using two-sided t-tests with unequal variance (equal-variance assumption of ANOVA was violated). Tests were repeated with a nonparametric approach; results were again similar and are not reported here. Next, ANOVA was used to test for differences in spectral and fitting quality control parameters among groups and for differences in the Glu-Gln correlation coefficient between euglycemia and hypoglycemia. Lastly, the euglycemic versus hypoglycemic change in Glu was correlated with the euglycemic versus hypoglycemic change in epinephrine using data in all three groups (N ¼ 15). P-values shown have not been adjusted for multiple comparisons. Figure 1 illustrates achievement of stable euglycemia followed by a rapid drop to and maintenance at the targeted hypoglycemic level with a similar time course in all study groups. Mean blood glucose and counter-regulatory hormone concentrations during the euglycemic and hypoglycemic clamps are listed in Table 1 . The 10 subjects with T1D were readily separable into those without HAAF and with HAAF as 5 had peak hypoglycemic Epi blood o100 pg/mL, whereas 5 had peak Epi blood 4200 pg/mL. Subject characteristics are listed in Table 2 . Total hypoglycemia symptom scores were significantly higher during hypoglycemia in T1D w|o HAAF as compared with T1D w| HAAF (P ¼ 0.02). Total hypoglycemia symptom scores were higher in control as compared with T1D w| HAAF but the difference did not reach statistical significance (P ¼ 0.07). Symptom scores were not different between control and T1D w|o HAAF groups (P ¼ 0.6). The average hypoglycemic epinephrine concentration among subjects with T1D was lower than that among controls ( Table 1) . Among the five T1D w| HAAF subjects, two indicated that they were aware of hypoglycemic episodes at the time of recruitment via the Cox questionnaire. Among the five T1D w|o HAAF subjects, two were characterized as being hypoglycemia unaware based on scores of the Cox questionnaire administered at the time of recruitment. Figure 2 illustrates the VOI from which spectra were measured in this study. Representative 1 H MR spectra obtained from a patient with T1D w| HAAF during euglycemia and hypoglycemia are shown in Figure 3 . Good-quality spectra (average signal-tonoise ratio ¼ 56, average linewidth as fitted by LCModel ¼ 9 Hz, excellent water suppression, and absence of extraneous coherences) were consistently obtained. This facilitated the quantification of 12 neurochemicals (Asc, Asp, GABA, Gln, Glu, GSH, myo-Ins, Lac, scyllo-Ins, tNAA, tCr, and tCho) with mean CRLB per neurochemical p20%. Glu was detected reliably in all cases as indicated by the fitting quality control parameters generated by LCModel. Namely, CRLB was 2% on average and always p3% for Glu. The coefficient of correlation r between Glu and each of the other neurochemicals was always 4 À 0.5. The average correlation coefficient between Glu and Gln was 0.002. This absence of correlation assures that the Glu resonance was reliably separated from other neurochemical resonances, including the very similar Gln resonance. ANOVA on the spectral quality control parameters found that the 8-Hz average linewidth of the healthy control spectra was narrower than the 10-Hz found for the subjects with T1D. Linewidth was not different between T1D w| HAAF and T1D w|o HAAF. No differences in the Glu-Gln correlation coefficient between euglycemia and hypoglycemia were found both when taking the group as a whole and when testing per study group. Figure 4 graphs the euglycemic to hypoglycemic drop in brain Glu concentration that was measured in all subjects. Group averages for this drop are reported in Table 3 . Glu dropped after initiation of hypoglycemia in the control and T1D w|o HAAF groups (Pp0.003). The drop in the T1D w| HAAF group (Table 3) did not reach significance (P ¼ 0.06), and this drop was different from the T1D w|o HAAF group (P ¼ 0.01). No correlation between the euglycemic versus hypoglycemic change in epinephrine and change in brain Glu concentration was observed.
RESULTS
There was no significant decrease (P40.05) from euglycemia to hypoglycemia in the concentration of any of the other major neurochemicals: tNAA, tCr, tCho, myo-Ins, or Gln in any of the study groups, demonstrating stable normalization of the spectroscopic data. Among all of the other neurochemicals, those showing strong changes were: an increase in inositol (both myo and scyllo) in both T1D groups, an increase in scyllo-Ins in the control group, and an increase in Asp and a decrease in Lac in the T1D w|o HAAF group ( Supplementary Figure) . As such, the decrease in brain chemical concentration from euglycemia to hypoglycemia was most uniform across groups for Glu, substantiating the specificity of this effect to Glu.
DISCUSSION
Here we demonstrated that cerebral Glu concentration decreases in response to moderate hypoglycemia in the healthy human brain and in patients with T1D w|o HAAF using ultra-high-field MRS, an optimized acquisition protocol, and euglycemic/hypoglycemic clamps performed in the scanner. This drop in Glu was not detected in patients with T1D w| HAAF. There was no correlation between the cerebral Glu and peripheral epinephrine responses to hypoglycemia. In an exploratory analysis, we detected changes in other neurochemicals, such as Asp and Lac, in response to moderate hypoglycemia, changes that have thus far only been observed at severe hypoglycemia in the rodent brain.
A prior study had reported a decrease in the cerebral Glu/tCr ratio upon hypoglycemia in healthy controls, but not patients with T1D and blunted counter-regulation, 22 and provided motivation for the current study. The current results demonstrate that the cause of the Glu/tCr ratio change in the prior study was indeed a change in Glu concentration (rather than in tCr), and that the lack of this response was associated with HAAF and not diabetes alone. In the prior study, the percent decrease in brain Glu/tCr in the Summary of blood concentrations (mean±s.d.) of glucose (Glc) and counter-regulatory hormones epinephrine (Epi), glucagon and cortisol during euglycemia (Eu) and hypoglycemia (Hypo) per study group. Glc is the average of that measured from blood samples drawn from each subject concurrent with accumulation of the magnetic resonance spectroscopy data, i.e., a 11-minute span before discontinuation of dextrose and 16 minutes after blood glucose was first sampled at p50 mg/dL. Hormone values represent the maximum concentration measured in each subject before and after discontinuation of dextrose. a Eu to Hypo: Po0.02. b T1D subgroup to control: Po0.05. Subject characteristics (mean±s.d.) including age, body mass index (BMI), hemoglobin A1c (HbA1c), diabetes duration, and number of males (M) and females (F) per group. a As patients with T1D immediately start insulin upon diagnosis, the diabetes duration is also the length of time that they were on insulin treatment.
Changes in human brain glutamate during hypoglycemia M Terpstra et al healthy group was 7%, and hypoglycemia was maintained longer and brain Glu/tCr was sampled later (at 80-120 minutes). Therefore the B5% reduction we observed earlier in the time course was consistent with the prior observation. More substantial changes in Glu levels were observed at severe hypoglycemia in the rodent brain. [17] [18] [19] [20] [21] The current study, together with the earlier observations regarding Glu/tCr, 22 demonstrates that these metabolite changes start at moderate hypoglycemia. It is unsafe to study humans at lower glycemic levels and thus the human studies are advantageous in revealing these subtle changes in metabolite levels at moderate hypoglycemia. Moderate hypoglycemic levels are more typically experienced by patients and therefore are more clinically relevant. The reduction in Glu upon hypoglycemia was ascribed to Glu oxidation in earlier animal work, namely, that Glu starts to enter the TCA cycle with decreasing glucose supply from the blood. 17, 18 As an alternative hypothesis to Glu oxidation during hypoglycemia, Bischof et al ascribed the lowering of the Glu/tCr ratio to a slower substrate flux through the TCA cycle during hypoglycemia. However, a number of animal studies indicate that cerebral metabolic rates of glucose decrease only below a blood glucose level of 2.5-3 mmol/L. 6, 7, 14 Consistently, using 13 C MRS, Van de Ven et al 8 found that acute moderate hypoglycemia (3 mmol/L blood glucose) does not affect cerebral TCA cycle rates in healthy humans. On the basis of these prior data that indicate stable metabolic rates during moderate hypoglycemia, glutamate oxidation seems a more plausible explanation for the drop in Glu levels that we observed. If Glu is indeed oxidized at moderate hypoglycemia in the healthy human brain, the lack of a Glu response to hypoglycemia in HAAF suggests higher glucose and/ or alternative fuel availability to the brain in HAAF, perhaps because of an increase in glucose or lactate transport into the brain, thereby eliminating the need to oxidize glutamate. Such a conclusion is supported by our previous work suggesting that an increase in glucose transport rates and not a reduction in glucose metabolism rates 33 is responsible for the finding that patients with T1D and hypoglycemia unawareness have higher brain glucose concentrations than controls studied under the same metabolic conditions, 23 as well as by the findings of Van de Ven et al 34 who did not see differences in the plasma-to-brain glucose relationship in subjects with T1D who had awareness of hypoglycemia. In addition, the work of Mason et al 35 suggests that patients with T1D and hypoglycemia unawareness may have increased cerebral lactate transport. A recent study in a rat model suggested that lactate, the transport of which into and out of the brain is upregulated upon recurrent hypoglycemia, may serve as a Changes in human brain glutamate during hypoglycemia M Terpstra et al metabolic regulator to enhance glucose utilization in the brain in HAAF. 36 All of these studies point to an increased ability of the brain to sustain its metabolic needs following recurrent hypoglycemia. Interestingly, the cerebral Glu response did not correlate with the peripheral epinephrine response, as may be expected from the different responses among the three subject groups, with the T1D w| HAAF group having the smallest Glu and epinephrine responses to hypoglycemia. The study had 80% power to detect a correlation of 0.66 or larger with N ¼ 15, i.e., was powered to detect moderate to large correlations. Consistent with the lack of a correlation between the change in Glu and change in epinephrine in this study, an earlier rat study demonstrated that the decrease in cerebral Glu in response to hypoglycemia is not related to the epinephrine released as it also occurred in animals after adrenal demedullation. 17 Regarding the exploratory outcomes among the other neurochemicals, the reason for a change in inositols upon hypoglycemia in all groups is not clear. Chronically elevated levels of cerebral myo-Ins have been reported in mixed cohorts of subjects with diabetes 37, 38 as well as in animal models of diabetes, 39 and interpreted either as gliotic activity or as osmolarity regulation. The acute change in inositols observed here upon hypoglycemia cannot be due to structural changes (as in gliosis) and is more likely related to changes in osmolarity. 40 As such changes were not seen in another human study during hypoglycemia, 22 additional studies in which the impact of glycemic changes on cerebral inositols is the focus of the study will be necessary to clarify the conditions under which these compounds change. Decreased Lac and increased Asp upon hypoglycemia were previously observed in healthy rats at severe hypoglycemia. [18] [19] [20] [21] The Lac decrease could be ascribed to Lac utilization when glucose levels are low and the Asp increase could possibly be explained by a shift in the aspartate aminotransferase reaction (Glu þ oxaloacetate2Asp þ a-ketoglutarate), a reaction that feeds Glu into the TCA cycle. 18, 21 However, the small sample size of our study and the moderate level of hypoglycemia used in our protocol make any conclusions about the mechanisms responsible for these small changes in metabolite concentrations premature.
In this study, we used the hypoglycemic epinephrine levels to stratify the subjects with T1D into w| and w|o HAAF groups; a stringent requirement that assures characterization based on documented counter-regulatory responses. Other investigators have relied on Cox questionnaires done at the time of subject ascertainment or unspecified clinical assessment of hypoglycemia awareness to categorize participants with T1D into those with and without HAAF. However, recent exposure to hypoglycemia is known to alter the glucose threshold at which hypoglycemiainduced epinephrine secretion occurs and without a comprehensive assessment of minute by minute glycemia for the weeks before a study, these clinical characterizations are inadequate for accurate identification of which participants do and do not have HAAF. This fact is well demonstrated in the current study where participants were wrongly characterized as having or not having HAAF on the basis of the Cox questionnaire administered weeks before the study. We propose that future investigations use the hypoglycemic epinephrine levels for HAAF stratification to ensure that comparisons among studies can be made.
Regarding the MRS methodology, improvements in sensitivity and resolution were achieved at ultra-high field, leading to outstanding spectral quality. Together with an optimal protocol these improvements enabled measurement of robust human brain neurochemcal time courses throughout controlled euglycemia and experimentally induced hypoglycemia. In addition, MRS data acquisition at euglycemia and hypoglycemia within the same MR session, i.e., without removing the subject from the scanner, avoided issues with consistent voxel placement between scanning sessions and provided excellent reproducibility of concentrations. Together, these improvements facilitated detection of a small brain Glu change (B5%) in the healthy and T1D control groups with a small sample size.
The primary limitation in our study is the small sample size caused by complications associated with hyperinsulinemic clamps performed in the MR scanner during long scanning sessions. Of the 20 subjects enrolled, data from 5 were unusable due to issues with vascular access and subject motion in the scanner. We preidentified Glu as the primary outcome of interest and all of the other neurochemicals as secondary outcomes to avoid diluting the power to detect Glu changes. Studies with larger samples sizes are needed, particularly, to confirm and further investigate the hypoglycemic changes in neurochemicals other than Glu. Another limitation is that the controls that completed the study tended to be younger than the participants with diabetes despite our efforts to recruit controls who were similar in age to the participants with diabetes. Although age may have an impact on cerebral metabolism, it is unlikely that the small difference in age between these groups of mid-life adults can explain the differences we found, particularly as larger and more significant differences were found between the two groups with diabetes who were better matched for age (Tables 2 and 3 ).
In conclusion, the drop in human brain Glu that was observed during moderate hypoglycemia in control and T1D w| HAAF subjects, but not in T1D w|o HAAF in this study extends similar prior findings in the healthy rat brain at severe hypoglycemia. [18] [19] [20] [21] These data affirm similar prior findings in the human brain 22 and extend the specificity of those findings to HAAF, as opposed to T1D in general. Whether maintenance of brain Glu in T1D w| HAAF exists because of compensatory changes in brain glucose or because of lactate transport/metabolism that occurs as a result of recurrent antecedent hypoglycemia will be the subject of future investigations, but our work shows that HAAF-induced changes include alterations in Glu metabolism. This work provides further evidence that the metabolic adaptations that occur in humans with T1D and HAAF impact multiple pathways in the brain.
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